ABSTRACT. Timber procurement and the use of woodlands are key issues in understanding the open landscapes of the Norse and Medieval periods in the North Atlantic islands. This paper outlines evidence for the timing and mechanisms of woodland use and deforestation in an area of southern Iceland, which is tracked through the mapping and analysis of charcoal production pits. Precise dating of the use of these charcoal production pits within a Bayesian framework is demonstrated through the combination of tephrochronology, sediment accumulation rates, and multiple radiocarbon dates on the archaeological charcoal. Two phases of charcoal production and woodland exploitation have been demonstrated, the first within the first 2 centuries of settlement (cal AD 870-1050) and the second phase over 100 yr later (cal AD 1185-1295). The implications for using charcoal as a medium for 14 C dating in Iceland and the wider North Atlantic are then explored. Archaeobotanical analysis of the charcoal sampled from the pits has indicated that birch roundwood was the dominant wood used, that the roundwood was stripped from larger shrubs/trees in late spring/early summer, and that certain sizes and ages of roundwood were harvested. Finally, the timing of the charcoal production is placed into the wider debate on deforestation across Iceland during the Norse and early Medieval periods.
INTRODUCTION
Timber procurement and the use of woodlands are key issues in the Norse and Medieval periods in the North Atlantic islands (Simpson et al. 2003; Dugmore et al. 2005) , necessitating a successful balance to be struck between a) demand for wood for fuel, roofing and furnishings, and boat-building and charcoal production for metalworking and b) supply of timber in marginal environments. The demand for wood and timber meant pristine forest in Iceland was subject to substantial clearance during the settlement period. This paper outlines evidence for the timing and mechanisms of Norse deforestation in an area of southern Iceland, which is tracked through the mapping and analysis of charcoal production pits.
The first human colonization of Iceland, known as landnám (Old Norse, meaning "land-take"), occurred relatively recently and is dated to around AD 870 (Sveinbjörnsdóttir et al. 2004) . Various researchers have estimated through computer modeling and palynology that approximately 15-40% of the land surface of Iceland was covered in birch (Betula sp.) woodland at landnám, much of it concentrated in the coastal lowlands (Hallsdóttir 1995; Bergþórrson 1996; Ólafsdóttir et al. 2001; Wastl et al. 2001) . Present coverage of birch woodland in Iceland is less than 1% and much of this is a result of active plantation during the 20th century (Ólafsdóttir et al. 2001) . One of the key research questions when assessing the impact of human settlement on the Icelandic environment is the timing of this deforestation. It has been argued from palynological evidence that this deforestation occurred very rapidly during the first centuries after landnám, primarily to create extensive grasslands for grazing and hay production (Einarsson 1961 (Einarsson , 1963 Hallsdóttir 1987 Hallsdóttir , 1996 Zutter 1997; Hallsdóttir and Caseldine 2005) . This model would create a timber deficit, requiring the suc-cessful formation of complex trade networks and active management of the remaining woodland. Charcoal production for extracting iron from iron ore and metal-working was one of the main uses of wood in Iceland during the past 1100 yr, and charcoal production pits have been found in various parts of the country McGovern et al. 2007 ). Medieval estate documents and documents such as the Grágás, a collection of medieval laws compiled in the latter half of the 13th century, indicate that these pits were produced within or immediately adjacent to birch woodland. Therefore, detailed sampling and dating of the charcoal from these pits will provide a proxy record for woodland presence, use, and clearance.
An interdisciplinary project investigating the human impact on the environment and human adaptation to environmental change is ongoing within the district of Eyjafjallahreppur in southern Iceland. The western part of the study area is defined by the Markarfljót River to the west and north and the Eyjafjöll Mountains to the east (Figure 1 ). Various lines of evidence have been combined to investigate the human-environment interaction in the area, including geomorphology, tephrochronology, archaeology, and contemporary literature-based research Mairs et al. 2006; Sveinbjarnardóttir et al. 2006 ). An aspect of this research has been to investigate the timing and mechanisms of the use of woodland and deforestation through the analysis of a number of charcoal production pits recently discovered in the area, and the results are presented here.
RESEARCH AIMS
Three related aims were formulated prior to the research:
1. To assess the mechanisms of wood procurement, possible woodland management, and deforestation through analysis of the archaeobotanical remains recovered from the charcoal production pits; 2. To date the use of the charcoal production pits through an integrated dating approach combining radiocarbon dating and tephrochronology within a Bayesian framework; Figure 1 Location map of study area N 3. To assess the results from the charcoal production pits within the wider context of deforestation within Iceland.
These aims were investigated through the integrated use of the methods outlined below.
METHODS

Field Sampling
Figure 1 presents the location of the 12 charcoal production pits discovered in the study area. Most of the pits (site codes = REU23, 903 CP1-6, and 903 AS1-3) were discovered in eroding fluvial sections in an area called Langanes, approximately 40 km from the coast and 1 km west of Gigajökull, a small valley glacier extending from the main Eyjafjallajökull icecap. REU17 was accidentally discovered further west along the Markarfljót Valley during a test-pit dug for tephrochronological and geomorphic analysis. REU18 represents a charcoal production pit found on the margins of the landnám farm of Syðsta Mörk at the head of the Markarfljót Valley, which is still occupied and farmed today. Table 1 outlines the summary archaeological details of each of the pits.
Each pit was recorded and sampled using standard archaeological excavation procedures, with the section cleaned, photographed, and drawn, paying particular attention to the relationship between the archaeological contexts and the associated tephras. This part of Eyjafjallahreppur is an excellent area for geochronological research because a very detailed tephrochronology has been developed for the region (Dugmore 1989; Dugmore and Buckland 1991; Dugmore and Erskine 1994; Larsen 1996) , supported by geochemical analysis of individual glass shards in key tephras (Dugmore et al. 2000 . Figure 2 presents a typical cross-section from one of the pits recorded in the eroding fluvial sections in Langanes. The pit cuts, and therefore is later than, the Eldjá 933 tephra, which has been dated to cal AD 933 (maximum counting error of 1 yr) when correlated to the DYE-3, GRIP, and NGRIP Greenland ice cores (Vinther et al. 2006) . Remains of the spoil from the pit and the firing process are seen on each side of the pit (Context 6), overlying a small amount of natural soil accumulation immediately above the Eldjá 933 tephra. The basal charcoal fill of the pit (Context 4) represents either the desired end product of the charcoal production or the remnants of charcoal left after the larger charcoal pieces were removed for use elsewhere. This layer was bulk sampled for 14 C and archaeobotanical analysis. The basal fill and pit was then filled back in by human action with the mixed remains of soil dug from the pit and the turf used to cover the wood during the charcoal production (Context 3). Natural soil accumulation then occurs across all of the archaeological remains culminating in the tephra falls of Hekla 1341 and Katla 1500, both dated by correlation to historical records (Dugmore 1989) . The use of the pit can therefore be constrained chronologically, by the tephras, to between AD 933 and 1341. Tephrochronology can also be used to estimate the time lapse between the use and abandonment of the site and the fall of Hekla 1341 by measuring the natural sediment accumulation overlying the pit spoil. For example, in the example presented in Figure 2 , a series of sediment thickness measurements (60 in total) were taken between the top of the spoil and the bottom of Hekla 1341, at the point where the spoil thins out to the left of the pit. An average was then calculated with an associated standard deviation. Immediately adjacent to the left of the spoil was over 20 m of eroding fluvial section that exposed the natural sediment accumulation between Eldjá 933 and Hekla 1341. Another series of sediment thickness measurements (135 in total) were taken from this natural section to estimate the local sediment accumulation rate with associated standard deviation, which was then used to estimate the time lapse from the abandonment of the site to the fall of Hekla 1341.
Bulk Sample Processing
The bulk samples for 14 C and archaeobotanical analysis were processed using a Siraf-type wet sieve tank (Kenward et al. 1980) , using 1.0-and 0.3-mm sieves for the flot and a 1.0-mm sieve net to catch the residue. The material was air-dried and both the flot and residue fully sorted under 6-20× magnification. Charcoal was sorted only from the >4-mm fraction, because identification is very difficult below this size (Pearsall 2000) . All plant macrofossil identifications were checked against the botanical literature (Long 1929; Beijerinck 1947; Berggren 1969 Berggren , 1981 Schweingruber 1990; Anderberg 1994 ) and modern reference material from collections in the Department of Archaeology at Durham University. Nomenclature follows Stace (1994) , with ecological information taken from Kristinsson (1998) . When the sorted charcoal assemblages were large, 50 fragments of charcoal were randomly selected for identification from the sorted remains, using a riffle box following the methodology of van der Veen and Fieller (1982) . The charcoal fragments were generally identified to genus, with the number of fragments and weight for each genus recorded. The fragments were also categorized into roundwood or timber and the number of rings noted. Roundwood charcoal pieces were then systematically removed from the remainder of the sorted charcoal for identification, in order to produce data on the size and age of the wood fragments burnt.
Dating and Statistical Analysis
Three charcoal samples were chosen for 14 C dating from each pit. The samples chosen consisted of birch roundwood (Betula sp.) as this was the dominant wood type in all of the pits (see Table 2 ), and the samples were submitted for analysis at the SUERC Radiocarbon Laboratory, East Kilbride, Scotland. Where possible, the outer ring and bark were chosen for accelerator mass spectrometry (AMS) dating, as this contained 14 C incorporated in the final 5 yr of growth before the death of the birch roundwood. A dating protocol was then designed for each of the charcoal production pits, with the age model calculated using the Bayesian function within OxCal v 3.10 (Bronk Ramsey 1995 Ramsey , 2001 Ramsey , 2005 ). An example of the code used for charcoal pit 903 CP1 (the section in Figure 2 ) can be seen in Figure 3 . First, the lower tephra isochron was established for each pit using one of either the landnám tephra, dated AD 871 ± 2 by correlation to the GRIP ice core (Grönvold et al. 1995) , or Eldjá 933. All of the pits cut Eldjá 933 except for REU18, which cut the landnám tephra. Secondly, the 3 14 C dates were combined because the archaeobotanical material suggested that the charcoal came from living trees/shrubs that were harvested at the same point in time (see below). The contemporaneity of the dates was statistically assessed using a χ 2 test (Ward and Wilson 1978) and outliers then removed from the model, e.g. SUERC-2380 (see Table 3 ). The age offset associated with the sample was also modeled. For example, bark and a single outer ring were assigned an offset of 3 ± 1 yr, representing the 1-5 yr carbon turnover observed in the bark of modern birch (Atkinson 1992) . Thirdly, the time lapsed between the top of the archaeological spoil and the bottom of Hekla 1341 was estimated using the sediment accumulation rate data collected. This sediment accumulation estimate was possible for 6 of the 12 sites, a function of the variability of the quality of the archaeological record and the natural soil sequence between each site (see Table 4 ). The sediment accumulation estimate was modeled in the OxCal program by utilizing the dose and dose-rate functions, usually used when modeling thermoluminescence dates. Finally, the upper tephra isochron modeled was Hekla 1341 for all of the pits. Hull.), moss leaf fragments, small culm nodes/bases, small rhizomes, and seeds from heath and grassland species. These plant macrofossils were likely to have been carbonized within the turfs used during the charcoal production process, because they reflect the suite of macrofossils expected when burning turf (Dickson 1998; Church et al. 2007 ).
RESULTS AND DISCUSSION
Charcoal Production and Woodland Management
Much of the birch roundwood still had pieces of bark attached and the larger assemblages also had many hundreds of birch leaf buds, many of which were just beginning to leaf. This indicates that the birch roundwood was harvested while the shrubs/trees were still alive; therefore, it can be assumed that the wood used for the charcoal production was used shortly after harvesting because the bark and buds were still very well preserved when the wood was charred in the pits, removing the possibility of "old wood" contamination for the 14 C dates. This phenomenon has been demonstrated in landnám sites in Iceland (Sveinbjörnsdóttir et al. 2004 ) and Iron Age sites in Atlantic Scotland (Ashmore 1999), and it is therefore very important to establish the archaeobotanical taphonomy of charcoal if used for 14 C dating in the North Atlantic. The equivalence of age of the death for the majority of the birch roundwood pieces in the charcoal assemblages meant that combining the 3 14 C dates for each site was legitimate. The abundance of the birch leaf buds also suggests that the birch roundwood was harvested during late spring/early summer (Kristinsson 1998) . A number of the larger pieces had evidence of disarticulation scars indicative of branch stripping. This implies that a form of coppicing may have been practiced during this time of year, with roundwood being harvested from larger bushes/trees that were being actively conserved. Figure 4 presents the ring counts and diameter sizes for birch roundwood (pith to bark) from 2 pits that are representative of the assemblages from the 2 phases. Caution must be exercised when analyzing these data as it is unclear whether the charcoal recovered was the desired charcoal product or the smaller pieces left after the bigger charcoal pieces had been removed. Also, the data presented are only from roundwood pieces that had pith to bark transverse sections from which accurate ring count and size estimates could be made; some larger pieces were not included in the analysis as they did not have complete pith to bark transverse sections. However, both pits show a unimodal distribution of the ring counts (and therefore ages) of the birch roundwood fragments identified. These distributions may indicate a deliberate selection of certain ages of roundwood from the bushes/trees, in particular parts of the birch such as the lower branches. Alternatively, it may indicate some form of periodic harvesting of preserved woodland. Table 3 presents the 14 C dates and results of the χ 2 tests for each of the pits. Only 1 set of 14 C dates failed the test (i.e. from 903 AS1) and in this case the outlier, SUERC-2380, was removed and the remaining 2 dates combined. The rest of the 14 C dates passed the χ 2 test, and so each of the sets of dates was combined within the model for each pit. Table 4 and Figure 5 present the age ranges of the 3 different levels of modeled data for each of the pits. The first level only modeled the combined 14 C dates; the second level modeled the combined 14 C dates and the tephra lower and upper isochrons; and the third level modeled the combined 14 C dates, the tephra lower/upper isochrons, and the sediment accumulation data. In general, increased precision was possible with each ascending level, with the 6 pits modeled using all 3 lines of chronological information, producing calibrated age ranges of 17-39 yr. This increased precision has produced an interesting picture of the timing of the use of the pits. The earliest dated pit, REU18, had a date range from cal AD 865-960 (2 σ) and was located at the head of Markarfljót Valley (Figure 1) . A second suite of pits overlapped with the later range of REU18 and included REU17, located half-way up the valley, and 4 pits located in the group discovered at Langanes. All of these pits were dug later than Eldjá 933 and ranged in date from cal AD 932-1043 (2 σ). A hiatus of approximately 140 yr is then seen before a second phase of pit digging resumes in the same area at Langanes, ranging from cal AD 1185-1295 (2 σ).
Timing of Charcoal Production and Implications for Deforestation and Land Management
A preliminary model of charcoal production and woodland use can therefore be proposed for the southern slopes of Markarfljót Valley. There was an initial phase of charcoal production and woodland use in the 2 centuries after landnám, with the earliest dated pit nearest the coast ending in the mid-11th century cal AD. The archaeobotanical remains from 2 of the pits (903 CP1 and REU17) include birch rootwood, indicating that some bushes/trees were being harvested in their entirety. This finding fits the traditional model of deforestation. Geomorphic survey of the area through tephra logging has revealed that extensive landscape erosion and degradation occurred during this period, an effect attributed to both deforestation and livestock grazing across the landscape (Mairs 2003; Dugmore et al. 2006; Mairs et al. 2006 ).
The 140-yr hiatus can be explained by a number of scenarios. It may indicate a changing use for the woodland away from charcoal production that would be archaeologically invisible. Alternatively, it could mean that the woodland was regenerating. There are multiple explanations for this phenomenon, including deliberate conservation of the woodland or settlement abandonment in the area. Evidence for both scenarios exists in the immediate landscape. For example, a series of landnám period farms has been located in the immediate area to the east of Gigajökull at Þorsmörk that have been shown to be abandoned by the end of the 12th century through survey of the archaeological remains (Sveinbjarnardóttir 1992 ) and geomorphic analysis . Alternatively, preserved mature birch woodland exists today at Þorsmörk and is said to have remained in the area since the Figure 5 Modeled ages of charcoal pits. The light-gray date range represents the combined 14 C dates only; the darker gray date range represents the combined 14 C dates and tephra upper/lower isochrones; and the black date range represents the combined 14 C dates, the tephra upper/lower isochrons, and the sediment accumulation rate data.
Medieval period, through contemporary literature-based analysis (Sveinbjarnardóttir 1992; Sveinbjarnardóttir et al. 2006) . However, this is hard to verify as there is no potential for paleoecological reconstruction in the area because of the lack of suitable lakes or peat bogs.
The second period of charcoal production in the Langanes area occurred from the late 12th to late 13th centuries cal AD. This second phase implies the existence of woodland in the immediate area and renewed exploitation, demonstrating a more complex picture of woodland presence and use than previously indicated by the traditional model of settlement period deforestation. The nature of this woodland use is evident from the archaeobotanical analysis of the charcoal from the 5 charcoal pits in the second phase. Again, the wood was dominated by birch roundwood, with the recovery of hundreds of birch buds indicating harvesting in late spring/early summer and multiple disarticulation scars indicating branch stripping. These features appear to indicate a form of management of the woodland resource, but the timing and manner of the harvesting may have contributed to deforestation. Birch sap rises during this time of year and the branch stripping would have left open scars in the larger trunks/branches of the birch from which sap could have been lost, weakening the plant growing in its ecological limits and making it more susceptible to environmental/climatic degradation and human impact on the landscape. Figure 4 presents age and size data from birch (pith to bark) roundwood from 2 pits representative of the 2 phases. The size and age of the wood changed between the phases, with the greatest frequency for the age of the birch roundwood peaking at 15-16 yr for the earlier pit (REU17) and at 7-8 yr for the later pit (903 CP3). The size of the roundwood harvested also decreased from the greatest frequency of 15-16 mm in REU17 to 5-6 mm in 903 CP3. These data may indicate that smaller-diameter roundwood was being harvested at a younger age in the later phase, stemming from the over-exploitation of a diminishing resource. Geomorphic survey of the area through tephra logging has revealed that extensive landscape erosion and degradation occurred during this second period of woodland use (Mairs 2003; Dugmore et al. 2006; Mairs et al. 2006) . Such degradation may relate to deforestation.
The second phase ended by cal AD 1300. No further evidence of charcoal production was seen in any of the eroding fluvial sections in the valley after the tephra fall of Hekla 1341. This lack of evidence implies that the area was fully deforested by this time, apart from the woodland at Þorsmörk that was maintained for use by the Bishopric of Skalholt . Also, geomorphic research has indicated that the landscape stabilized after 1300 in the immediate area of Langanes and Þorsmörk , following settlement abandonment of the area (Sveinbjarnardóttir 1992) and possible stabilization of the landscape following the final phase of deforestation at Langanes.
In summary, the story of woodland use and deforestation is more complex than a simple felling of trees within the first 2 centuries after landnám; rather, a picture of slower depletion over 500 yr emerges with evidence of possible woodland management, conservation, and regeneration occurring within this time. This picture of phased clearance of birch woodland is also emerging from recent palynological work from a small lake (Helluvaðstjörn) 60 km inland from the coast at Mývat-nssveit, northern Iceland, where the birch decline was gradual from landnám until about cal AD 1300 (Lawson et al. 2006 . Also, thousands of charcoal pits have been located in Mývatnss-veit through aerial survey and a series of pits were excavated and sampled in an area on a hill ridge at Hoskulsstaðir, 30 km inland halfway between Lake Mývatn and the coast . Post-excavation analysis is still ongoing, but a single 14 C date of birch roundwood taken from the basal charcoal-rich fills of each pit (see Table 5 ) indicated a phase of woodland use from the early 11th to late 13th centuries cal AD.
CONCLUSIONS
A novel approach combining 14 C dating, tephrochronology, and sediment accumulation rate data within a Bayesian framework has increased the dating resolution normally possible for a series of charcoal production pits in Eyjafjallahreppur, southern Iceland. This approach has proved that charcoal can be used for dating archaeological sites in the North Atlantic, but only if the archaeobotanical taphonomy of the charcoal is fully understood.
Two phases of charcoal production and woodland exploitation have been demonstrated, the first within the first 2 centuries of settlement (about cal AD 870-1050) and the second phase more than 100 yr later (about cal AD 1185-1295). Archaeobotanical analysis of the charcoal sampled from the pits has indicated that birch roundwood was the dominant wood used, the roundwood was stripped from larger shrubs/trees in late spring/early summer, and certain sizes and ages of roundwood were harvested.
A model of phased woodland clearance in the area from about cal AD 870-1300 is presented that differs in nature and rate from the traditional deforestation model proposed for Iceland during the Norse and Medieval periods.
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